rite called the growth cone (Goodman, 1996; Kater et al., 1998) . One commonly used approach to studying mechanisms that regulate neurite outgrowth employs cultures of dissociated neurons from brains or spinal cords of embryonic rodents. In such cultures the neurons are seeded into dishes in which the culture surface has been coated with uniform layer of adhesive molecules that promotes neurite outgrowth. Although studies of such cultures have led to the identification of a number of molecules that promote or inhibit neurite outgrowth (e.g., neurotrophic factors and neurotransmitters) (Mattson, 1988; Song and Poo, 1999) , a large gap in our understanding of the regulation of neurite outgrowth exists because of the lack of methods for manipulating the growth environment at the nanometer scale.
Methods

Production, Dispersion, and Modification of Multi-Walled Carbon Nanotubes
Multiwalled nanotubes were synthesized via the catalytic decomposition of a ferrocene-xylene mixture as described previously (Andrews et al., 1999) . Nanotubes were dispersed by bath sonication for 5 min in 100% ethanol. The dispersed nanotubes were applied to 22 mm 2 glass coverslips that had been coated with a thin layer of polyethyleneimine. The ethanol was allowed to evaporate under ambient conditions, resulting in firm adherance of the nanotubes to the coverslips. The coverslips were then placed in 35-mm diameter plastic culture dishes, sterilized by a 5-min exposure to UV light, and culture medium was added to the dishes. The next day dissociated embryonic rat hippocampal neurons were seeded into the cultures. Adhesion of 4-hydroxynonenal (4-HNE) to nanotubes was accomplished by first dispersing the nanotubes in 100% ethanol, and then incubating the dispersed nanotubes in an acidic solution, pH 5.0, of 50% ethanol (4 mg nano-tubes/mL) containing 200 µM 4-HNE (Cayman Chemical Co.). The mixture was then sonicated for 20 min in a bath sonicator, and nanotubes were applied to polyethyleneiminecoated glass coverslips. The coverslips were then washed extensively with phosphate-buffered saline (PBS), sterilized by exposure to UV light for 5 min, and placed in culture dishes containing medium.
Methods for Primary Neuronal Culture and Microscopy
Primary hippocampal cell cultures were established from E18 rat embryos using methods described previously . Dissociated cells were seeded onto polyethyleneiminecoated 22 mm 2 glass coverslips, and incubated in Neurobasal medium containing B-27 supplements (Gibco-BRL) plus 2 mM L-glutamine, 1 mM HEPES, and 0.001% gentamicin sulfate (Sigma). Methods for confocal laser-scanning microscope analysis of immunostained nanotubes were similar to those described previously (Mattson and Partin, 1999) . Briefly, cells were visualized under visible light and then scanned with the laser (488 nm excitation and 510 nm emission). Transmitted light images were acquired by scanning the sample with the laser turned off. For SEM analysis cells were fixed in a solution of 2% glutaraldehyde in PBS, dehydrated in solutions of increasing ethanol concentration, and critical-point dried. Samples were then coated with a thin layer of gold particles and examined and photographed using a S900FE Hitachi SEM.
Immunochemistry
Nanotubes on coverslips were incubated for 10 min in PBS containing 4% normal horse serum, followed by a 3-h incubation in PBS containing 4% horse serum plus a 1Ϻ100 dilution of mouse monoclonal antibody (MAb) against 4-HNE ( Mattson et al., 1997) . For confocal microscopy, samples were then incubated for 1 h in PBS containing a 1Ϻ200 dilution of biotinylated horse antimouse IgG, followed by a 30-min incubation in PBS containing 4 µg/mL fluoresceinavidin conjugate (Vector Laboratories). For SEM analysis samples were incubated for 2 h in a secondary (sheep-antimouse) antibody conjugated to 5 nm gold particles.
Results and Discussion
Technologies have recently been developed that allow large-scale production of highly purified carbon nanotubes under conditions in which tube diameters and lengths, and tube composition (e.g., single-walled and multiwalled) can be reliably controlled (Thess et al., 1996; Journet et al., 1997; Ren et al., 1998; Fan et al., 1999) . Our studies employed multi-walled nanotubes with diameters of approx 20 nm and lengths of 20-100 µm, which are produced as sheets in which the nanotubes are arranged in parallel arrays using a method based on a controlled decomposition of a ferrocenexylene mixture using a two-stage quartz reactor (Andrews et al., 1999) . We found that nanotubes in such sheets can be dispersed to varying extents by suspension in ethanol followed by sonication. We applied the dispersed nanotubes to glass coverslips that had been coated with polyethyleneimine, a substrate for neuronal growth, and then seeded dissociated embryonic rat hippocampal neurons onto the coverslips in culture dishes. Cultures were examined and photographed using a light microscope with phase-contrast optics, and some of the cultures were prepared for examination with a scanning electron microscope (SEM). Examples of light and SEM micrographs of neurons growth for 3 d on nanotubes are shown in Fig. 1 .
Neurons attached to the nanotubes and extended one or two neurites, which grew to distances of approximately 70-90 µm within 3 d (Fig. 1) . Neurons on nanotubes survived and continued to grow through at least 8 d in culture indicating that the nanotubes support long-term cell survival. SEM examination of neurons growing on nanotubes revealed that, although the nanotubes permitted neurite outgrowth, they did not appear to influence the direction of growth (Fig. 1) . Thus, neurites grew straight across the surfaces of nanotubes arranged in various orientations with respect to the direction of neurite outgrowth. In cases where neurites grew across nanotubes and then onto the polyethyleneimine-coated glass coverslips, the neurites typically did not form branches on the nanotubes, but did form branches on the coverslips (Fig. 1B,D) , suggesting that unmodified nanotubes do not provide a substrate that is conducive for branch formation.
Recent studies have demonstrated that nanotubes can be modified with a variety of molecules including carboxyl and amine groups (Chen et al., 1998; Wong et al., 1998; Hamon et al., 1999) . In order to determine whether molecules that effect neurite growth can be coupled to nanotubes, and to study the influence of such modified nanotubes on neurite outgrowth, we established methods for coupling the aldehyde 4-hydroxynonenal (4-HNE) to nanotubes. 4-HNE is a lipid peroxidation product that covalently modifies proteins on cystine, histidine, and lysine residues (Esterbauer et al., 1991; Uchida and Stadtman, 1992) . Previous studies had shown that 4-HNE can induce increases of intracellular Ca 2+ levels (Mark et al., 1997) and modify cytoskeletal proteins , signal- ing mechanisms that regulate neurite outgrowth in many types of neurons including cultured embryonic hippocampal neurons (Mattson and Kater, 1987; Waeg et al., 1996) . Coupling of 4-HNE to nanotubes was accomplished by sonicating the nanotubes in an acidic solution containing 200 µM 4-HNE. The nanotubes were then applied to glass coverslips and were either prepared for immunochemical analyses or cell culture. In order to determine whether 4-HNE was bound to the nanotubes, an antibody against 4-HNE (Waeg et al., 1996; Mattson et al., 1997) was employed. Examination of the nanotubes using confocal laser-scanning microscopy and SEM showed that 4-HNE antibody bound strongly to the nanotubes that had been reacted with 4-HNE, but not to untreated nanotubes or to nanotubes reacted with 4-HNE that had been preincubated with a 100-fold molar excess of histidine (Fig. 2) . 4-HNE was present along the length of the nanotubes. These findings demonstrate a physical association of 4-HNE with the nanotubes under the conditions employed.
We next cultured embryonic hippocampal neurons on nanotubes coated with 4-HNE, and on control nanotubes that were either untreated or reacted with 4-HNE that had been preadsorbed with excess histidine. SEM examination suggested that neurons grown on nanotubes modified with 4-HNE had more elaborate neuritic arbors than did neurons grown on unmodified nanotubes (Fig. 3A) . We therefore quantified numbers of neurites/neuron, total neurite length/neuron, and numbers of branches/ neurite in neurons grown on nanotubes coated with 4-HNE, and neurons grown on control nanotubes (Fig. 3B) . Whereas neurons grown on control nanotubes possessed only one or two neurites, those grown on 4-HNE-modified nanotubes elaborated 4-6 neurites. Total neurite length was increased more than twofold, and number of branches/neurite were increased approximately threefold, in neurons grown on 4-HNE-modified nanotubes. These findings demonstrate a striking effect of nanotubebound 4-HNE on neurite outgrowth, and establish the feasibility of using chemically modified carbon nanotubes as a tool for studying and manipulating neurite outgrowth.
Our findings show, for the first time, that neurons can attach to and grow across the surfaces of carbon nanotubes. Previous studies have demonstrated that substrate "adhesiveness" plays an important role in the process of growth cone motility and neurite branching (Lustgarten et al., 1991) . We found that surfaces of unmodified nanotubes were permissive for neurite outgrowth, but did not promote neurite branching, suggesting that adhesion of growth cones to the carbon surface was relatively weak. However, when nanotubes were coated with 4-HNE neurite branching and total neurite outgrowth were greatly enhanced. These findings suggest the possibility that 4-HNE enhances adhesion of growth cones to the nanotubes. Previous studies have shown that Ca 2+ influx can regulate growth cone motility and neurite elongation , and that 4-HNE can modulate intracellular Ca 2+ levels in cultured hippocampal neurons (Mark et al., 1997) , as well as in nonneuronal cells (Carini et al., 1996) . It is therefore possible that that the neurite outgrowth-enhancing effect of 4-HNE involves changes in intracellular Ca 2+ levels, although this remains to be established. 
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The convergence of two previously distinct fields, nanotube technology and neurobiology, paves the way for future studies in which nanotubes are used to study the formation and function of nerve cell networks, and possibly to restore function of damaged neuronal circuits. Nanotubes of defined diameters ranging from 1 nm (singlewalled nanotubes) to 10-100 nm (multiwalled nanotubes) can now be routinely produced. These diameters are similar to those of small nerve fibers, growth cone filopodia, and synaptic contacts. Functionalization of such nanotubes with one or more specific bioactive molecules will thus allow a dissection of the molecular control of neuronal architecture at focal microdomains similar to those that occur in vivo. This contrasts with current culture methods in which neurons are grown on a uniform flat substrate that bears little resemblance to the cell surfaces and extracellular matrix structures that neurons encounter in vivo. Because nanotubes are excellent conductors, they will also prove valuable for electrophysiological analyses of neuronal microcircuitry. Moreover, the ability to functionalize nanotubes with molecules that promote neurite outgrowth suggests clinical applications of this technology, in light of the limited success of attempts to promote the regeneration of nerves in the spinal cord and brain by the use of crude synthetic "bridges" (Lustgarten et al., 1991) . In contrast to the artificial growth substrates employed thus far, nanotubes have diameters similar to those of neurites and may therefore allow for the kinds of localized molecular interactions that may be required for formation of functional neuronal circuits.
